Photophysics of charge-transfer excitons in thin films of 7r-conjugated polymers 
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We develop a theory of the electronic structure and photophysics of interacting chains of n- 
conjugated polymers to understand the differences between solutions and films. While photoexcita- 
tion generates only the intrachain exciton in solutions, the optical exciton as well as weakly allowed 
charge-transfer excitons are generated in films. We extend existing theories of the lowest polaron- 
pair and charge-transfer excitons to obtain descriptions of the excited states of these interchain 
species, and show that a significant fraction of ultrafast photoinduced absorptions in films originate 
from the lowest charge-transfer exciton. Our proposed mechanism explains the simultaneous obser- 
vation of polaronlike induced absorption features peculiar to films in ultrafast spectroscopy and the 
absence of mobile charge carriers as deduced from other experiments. We also show that there is a 
1:1 correspondence between the essential states that describe the photophysics of single chains and 
of interacting chains that constitute thin films. 

PACS numbers: 42.70.Jk, 71.35.-y, 78.20.Bh, 78.30.Jw 



I. INTRODUCTION 

The photophysics of dilute solutions and thin films 

of TT-conjugated polymers (PCPs) are often remarkably 
differentii2^iii^i6i8^io^iii2^^^^^,i8^^ jg 

erally accepted that solutions exhibit behavior char- 
acteristic of single strands, and the different behavior 
of films is due to interchain interaction and disorder. 
Microscopic understanding of the effects of interchain 
interaction has remained incomplete even after inten- 
sive investigations. As discussed below, to a large ex- 
tent this is because the experimental results themselves, 
or their interpretations are controversial and confus- 
ing. Theoretical investigations of the effects of inter- 
chain interactionsili2aiSii^i2^i2ii2^i2£i2ii2^ have until now 
focused largely on the lowest interchain species near the 
optical edge, and the role of such interchain species on 
the emissive behavior of films. The goal of this work 
is to re-examine interchain interaction in PCPs within 
a semi-empirical Hamiltonian with realistic parameters, 
focusing on ultrafast photoinduced absorption (PA) mea- 
surements and related experimental results that appear 
to be mutually contradictory. We show that theoretical 
understanding of excited states of interchain species is 
crucial for this purpose. 

The interchain species we will be interested in have 
been discussed by numerous authors over the years, and 
the nomenclature has sometimes been confusing. It is 
therefore important to fix the nomenclature before we be- 
gin. We will refer to intrachain neutral excitations as ex- 
citons, independent of their binding energy. At the other 
extreme are the polaron-pairs, which consist of two com- 
pletely ionic charged chains, one positive and one nega- 
tive. Since we consider nonzero interchain Coulomb in- 
teractions, and since we will be discussing two-chain sys- 
tems only, the polaron-pair states are necessarily bound 
by Coulomb interactions. For nonzero electron hopping 
between the chains, eigenstates that are superpositions 



of the intrachain exciton and the polaron-pair are ob- 
tained. We will refer to these superpositions as charge- 
transfer excitons, hereafter CT excitons. The reader 
should note that the polaron-pair has been sometimes re- 
ferred to as the charge-transfer exciton in the literaturci^ 
The CT excitons, in their turn, have sometimes been 
called excimersj2ii22ii2^ Our nomenclature is based on the 
most common useage of these terms, and we give pre- 
cise quantum-mechanical definitions of these interchain 
species in section IV. One major difference between the 
work presented here and the existing literature is that 
we are also interested in higher energy excited polaron- 
pairs and CT excitons, which are defined exactly as above 
(thus, a high energy CT exciton is predominantly a su- 
perposition of a similar high energy excited intrachain 
exciton and polaron-pair). We find a 1:1 correspondence 
between the "essential states" that determine the pho- 
tophysics of single strands2£i2£i^iHiS and the dominant 
excited states including excited interchain species, that 
determine the photophysics of interacting chains. 

Starting from a microscopic 7r-electron Hamiltonian, 
we investigate the energy spectrum of interacting PCP 
chains. We do not attempt to understand details of the 
photoluminescence (PL), which can be understood to a 
large extent within existing theories i-^'^i^^'^^i^^'^^i^^'^''i^^ 
Understanding delayed emission in PCP films (see be- 
low), on the other hand, will require much more so- 
phisticated modeling. We rather focus on the theory 
of excited state absorption in interacting chains, with 
the goal of understanding the observed branching of pho- 
toexcitations and the origin of the polaronlike photoin- 



duced absorptions (PAs) 



6,7,18,19 



and experiments that 



indicate that in spite of the occurrence of these po- 
laronlike PAs free charges are not generated as primary 
photoexcitationsi^i^^ 

In the next section we present a brief yet detailed sum- 
mary of relevant experiments in PCP films that indicate 
the strong role of interchain interactions, highlighting 
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in particular the apparently contradictory observations. 
Following this, in section III we present our theoretical 
model. In section IV we discuss the formation of CT 
excitons and excited state absorptions from them, and 
present detailed computational results. Finally, in sec- 
tion V we compare our theoretical results and experi- 
ments, and present our conclusions. The computational 
results presented in section III are for finite oligomers 
of PPV. In a separate Appendix we discuss the chain- 
length dependence of our results. We believe that our 
results apply to real materials. 



II. REVIEW OF EXPERIMENTAL RESULTS 

PL from films is often redshifted relative to that from 
dilute solutions, and the quantum efficiency (QE) of 
the PL from films is usually much smaller. PL from 
regioregular polythiophene (rrPSHT) has recently been 
discussed within a weak-coupling H-aggregate model, 
within which dipole-dipole coupling leads to an exci- 
ton bandjii Absorption here is to the highest state 
in the exciton band while emission is from the low- 
est state Conversely, it has been claimed that 
PL from films of cyano-poly(paraphenylenevinylene), 
CN-PPV, and poly{2-methoxy,5-(2'-ethyl-hexyloxy)l,4 
paraphenylenevinylene), MEH-PPV, are from CT 
excitons that occur below the intrachain optical 
excitoni2iiiS'2iiS^i2^ Formation of CT excitons requires 
that polaron-pairs are energetically proximate to the ex- 
citons (see section IV and Appendix). The occurrence 
of low energy polaron-pairs is indicated by the observa- 
tion of "persistent" or delayed PL lasting until millisec- 
onds in films, the electric field quenching of the delayed 
PL, and the resumption of the PL upon removal of the 
fieldi>^>ii^ 

Experiments that also indicate the strong role of 
interchain interactions, and that are even more difh- 
cult to understand than PL involve transient absorp- 
tion. Two distinct ultrafast photoinduced absorptions 
(PAs) are seen in solutions as well as in films with 
weak interchain interactions, such as dioctyloxy-poly- 
paraphenylenevinylene (D00-PPV)i^i2i The low energy 
PAi appears at a threshold energy of 0.7 eV and has 
a peak at ~ 1 eV, while the higher energy PA2 occurs 
at ~ 1.3-1.4 eV. Comparison of PA and PL decays^^i^i 
and other nonlinear spectroscopic measurements^^ have 
confirmed that these PAs are from the IB^ optical ex- 
citon, in agreement with theoretical work on PCP sin- 
gle chains.29'50i3i^i33 contrast, PA and PL in PCPs 
with significant interchain interactions (for e.g., MEH- 
PPV) are uncorrelated.-i'^'^ It has been argued that PAs 
in such systems is from the polaron-pairjii&il This would 
require generation of the polaron-pair in ultrafast time 
scales. The mechanism by which such ultrafast genera- 
tion can occur is not clear. ■^^ The possibility that the PAs 
here are from the CT exciton has not been theoretically 
investigated. 



Recent experiments have contributed further to the 
mystery. Sheng et al. have extended femtosceond (fs) PA 
measurements to previously inaccessible wavelengths 
and have detected two additional weak PAs in film sam- 
ples of MEH-PPV, PPV and rrPSHT that are absent 
in solutions of the PPV derivatives as well as in regio- 
random (rraP3HT), which is known to have weaker in- 
terchain interaction than rrPSHT. The authors initially 
assigned the new low energy PA at ^ 0.35-0.4 eV, la- 
beled Pi, and the higher energy PA, labeled P2 in this 
work, to absorptions of free polarons that according to 
the authors are generated when interchain interactions 
are strong. The high energy PA associated with films 
had been previously observed in MEH-PPV^ii^ii and it 
has been ascribed to absorptions from free polarons as 
well as from polaron-pairs. Interestingly, these PAs pe- 
culiar to films are generated instantaneously, suggesting 
branching of photoexcitations with competing channels 
generating excitons and polarons. Such branching of pho- 
toexcitations would be in agreement with previous claim 
of the observation of infrared active vibrations (IRAV) 
in MEH-PPV in fs time^^ but is difficult to reconcile 
with the large exciton binding energies deduced from PAi 
energyf22i2^i2^ which requires that polarons are generated 
from dissociation of the exciton due to extraneous influ- 
ence at a later time. Instantaneous IRAV''^ has not been 
observed by other experimentalists, and interpretations 
other than those given by the original authors exist in the 
literature.*^ In the context of Sheng et al's experiment, 
the following is, however, true: if the Pi absorption, as 
well as the high energy absorption absent in solutions are 
indeed due to polarons, IRAV associated with these ab- 
sorptions should have been observed. Intriguingly, Sheng 
et al. in their experiments did not find any IRAV at room 
temperatures that should have accompanied the Pi ab- 
sorption, and very weak IRAV at 80 Kfi^ Later more 
careful attempts have also failed to detect room temper- 
ature IRAV.'*^ 

The absence of room temperature IRAV suggests that 
polarons are not being generated in Sheng et al's ex- 
periment. This conclusion is in apparent agreement 
with microwave conductivity measurements^^ and THz 
spectrscopj^ that have found negligible polaron gener- 
ation upon direct photoexcitation in both solutions and 
films. Based on very recent experiment that probed the 
polarization memory decay of photoexcitations, Singh et 
al. have concluded that the high energy PA associated 
with films is not from free polarons but from a CT ex- 
citon (note: these authors use the terminologies CT ex- 
citon and excimer synonymously) The origin of the 
polaronlike features in the PA thus remains mysterious. 



III. THEORETICAL MODEL 

Our calculations are within an extended two-chain 
Pariser-Parr-Pople Hamiltonian^i^ H = Hintra + 
Hinter , whcrc Hintra SLTid Hi„ter corrcspoud to intra- and 
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interchain components, respectively. Hi„tra is written as, 

Hintra = — ^ij{^\,i,cr'^tJ.,j,iy + H.C.) + 

U ^n^,i,T"MAi + ^y("A':^ - " 1) (1) 

where cj, ^ ^ creates a 7r-electron of spin cr on carbon 

atom i of ohgomer v {ly = 1, 2), n^^i^c^ = cl ^ „c^,i,cr is the 
number of electrons on atom i of oligomer v with spin a 
and n^_i — n^^i^a- is the total number of electrons on 
atom i. The hopping matrix element tij is restricted to 
nearest neighbors and in principle can contain electron- 
phonon interactions, although a rigid bond approxima- 
tion is used here. U and Vij are the on-site and intrachain 
intersite Coulomb interactions. We parametrize Vij as^ 

v., = ^ (2) 

K^l + 0.6117i?2^. 

where Rij is the distance between carbon atoms i and j 
in A, and k is the dielectric screening along the chain due 
to the medium. Based on previous work^ we choose U 
= 8 eV and k — 2. We write H inter as 

Hinter — H^^ter ~^ ^inter (3) 

i^™te.--i± E (cU.c.,,.,, -f F.C.) (4) 

Htnter^\ E {n.., - l){n,. - I) (5) 

We will assume planar cofacial stacking of oligomers 
in our calculations. While such ideal stacking does 
not occur in real systems, it is believed that this 
assumption captures the essential physics of polymer 
films In the above, t± is restricted to 
nearest interchain neighbors. We choose Vif as in Eq. [21 
with a background dielectric constant k± < 



IV. CHARGE-TRANSFER EXCITONS 

A. Coupled ethylenes 

In order to get a physical understanding of the effect of 
Hinter, wc begin with the case of two ethylene molecules, 
placed cofacially one on top of the other such that the 
overall structure has a center of inversion. The small 
number of energy states here permit clear identification 
of all two-chain excitations. Although full configuration 
interaction (FCI) can be be performed in this case, in 
view of our interest in long PPV oligomers, we will re- 
strict our calculations as well as physical discussions to 
the single configuration interaction (SCI) approximation 
(see, however, section IV. D.) 



We consider first the U = Vij = molecular orbital 
(MO) limit for Hintra- The ethylene MOs are written as, 

where A = 1(2) corresponds to the bonding (antibonding) 
MO. The spin singlet one-excitation space for the two 
molecules consists of four configurations. Two of these 
four configurations consist of neutral molecules, with ei- 
ther of the two molecules excited and the other in the 
ground state; the other two consist of positively and neg- 
atively charged molecules, with each charged molecule in 
its lowest state. We refer to the neutral configurations 
with intramolecular excitations as excitons, and write 
them as jexcl) and \exc2), ignoring for the moment that 
true excitons require nonzero U and Vij . We will refer 
to the charged molecule pair as polaron-pairs and write 
them as I^V^^V) ^^'^ l-FT-F^); respectively. The exciton 
and polaron-pair wavcfunctions are given by, 

|ea;cl) — — |a2^j^^j^(aj^j^^|aj^2_| ~ '^i,!,]. '^1,2,1)!'^) 

(7) 

P2 ) = "y^'^2,l,t'^2,l,x('^l,l,t'^2,2,X ~ °'l,l,i'^2,2,T)l^) 

(8) 

The terms within the parenthesis in Eqs (7) and (8) con- 
stitute singlet bonds between MOs. The basis functions 
\exc2) and \P{~ P^) are obtained from the above by ap- 
plying mirror-plane symmetry. The four spin-bonded va- 
lence bond (VB) diagrams corresponding to the excitons 
and polaron-pairs are shown in Fig. 1(a). 

Nonzero Hitter mixes these pure states to give the 
CT excitons f^i^iS^ the theory of which is fundamen- 
tally similar to the MuUiken's theory of ground state 
charge-transfer— (except that the excited state Hamilto- 
nian for identical molecules involves four instead of two 
basis functions). Consider first the Hl^^^^ = limit. 
Matrix elements of Hf^^^^ are zero between jP-^^Pj ) and 
\Pi P}) but nonzero between |ea;cl) and |ea;c2), indicat- 
ing that while the polaron-pair states are degenerate for 
^inter 7^ 0' ^hc exciton states form new nondegenerate 
states \excl)±\exc2) (see Fig. 1(b)). The dipole operator 
/i — ii'v,i{nu,i — 1), where r^^i gives the location of 
atom i on oligomer v, couples the ground state to only 
the even parity exciton state. The odd parity exciton 
is now a dark state occurring below the optical exciton. 
The splitting of the exciton states due to Coulomb inter- 
actions alone can be described within the dipole-dipole 
approximation.ii2^i2^i^i2^ 

We now switch on Hl^^^^, which mixes the odd parity 
neutral \excl) — \exc2) and charged |Pi''P2~) — |Pi P2^), to 
give the two CT exciton states in Fig. 1(c). The extent 
of configuration mixing depends on the relative energy 
separation between the pure polaron-pair and the odd 
parity exciton in Fig. 1(b) and the magnitude of Tf/^jg^, 
i.e., on V{j-/t^. For significant V(j (attraction between 
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I exc I ) I exc 2 ) J 



(a) (b) (c) 

FIG. 1: (a). The one-excitation space of two weakly interact- 
ing oligomers. For each oligomer one bonding and one anti- 
bonding MO is shown. The MOs can be occupied by 0, 1 or 2 
electrons. The singly occupied MOs are connected by singlet 
bonds, (b) and (c). Eigenstates of Hf^^^^ and total Hinter, 
respectively. Solid lines, even parity exciton; dashed line, odd 
parity exciton; dot-dashed lines, CT excitons ; dotted lines, 
polaron-pairs. The Pi induced absorption is indicated in (c). 



interchain electron and hole), the polaron-pair can be 
low in energy (see Appendix). The CT excitons, being 
superpositions of the dark exciton state and odd parity 
polaron-pair configurations, neither of which are acces- 
sible in intramolecular optical excitation, are optically 
forbidden from the ground state. The even parity states, 
the optical exciton |excl) -I- \exc2) and the polaron-pair 
\PtP2) + WiPt), are not affected by H}^^^^ in this 
symmetric case. 

We now make an observation that will be central to 
the work presented in the next sections: matix elements 
of the transverse component of ju, perpendicular to the 
molecular axes, between the CT excitons and the even- 
parity polaron state are nonzero, and proportional to 
t^. For nonzero t±_ we therefore expect excited state 
charge-transfer absorption from the CT exciton to the 
polaron-pair state, the strength of which is proportional 
to t\/l\E, where /^E is the energy difference between 
the initial and final states4i This is shown explicitly in 
the next section. We label this photoinduced CT ab- 
sorption as Pi, as we will show that it is this induced 
absorption in the context of PCPs that corresponds to 
the PA labeled Pi by Sheng et al.^ 

The above discussion starts from the U = Vij = limit 
of Hintra Only for simplicity. For the particular case of 
two ethylenes, the two neutral exciton configurations arc 
the same, independent of U and Vij. The description 
of the polaron-pair states also remains the same within 
the SCI approximation (higher energy two electron-two 
hole excitations can modify the polaron-pair states in 
approximations that go beyond SCI) . For nonzero U and 
Vij , the dominant contribution to the stabilization of the 
lower CT exciton still comes from the configuration mix- 
ing with the odd-parity polaron-pair basis function. The 
strength of the dipole-coupling between the CT exciton 
and the even-parity pure polaron-pair state, the Pi ab- 
sorption in Fig. 1(c), is again t'^/AE, where, however, 
AE now depends on U and Vij . 



B. Cofacial PPV oligomers, symmetric case 

We now go beyond the two ethylenes and make the 
following observations. 

(i) Eqs. 7 and 8, or equivalently, the four spin-bonded 
VB diagrams in Fig. 1(a), with the MOs correspond- 
ing to the highest occupied and lowest unoccupied MOs 
(HOMOs and LUMOs), describe the lowest intramolecu- 
lar excitations and the lowest energy polaron-pair states 
for arbitrary PCP oligomers in the U = Vij = limit 
of Hintra- For cxtcnsion of the above concept to arbi- 
trary PCPs, only Eq. 6 needs to be modified, with the 
MOs now superpositions of a larger number of atomic 
wavefunctions. The degenerate neutral exciton states 
are once again split by the Coulomb interactions in 
Hinter alouc, cvcn for t± — 0, as in Fig. 1(b). This is 
the basis for the dipole-dipole approximation to exciton 
splitting^^i26^i28 

The dipole-dipole approximation, or more precisely, 
the t± = approximation, ignores the CT between the 
odd parity polaron-pair and exciton states. The extent 
of this CT, as pointed out in the above, depends on the 
magnitude of the effective electron hopping between the 
MOs of the two interacting oligomers, and the energy 
separation between the pure odd parity polaron-pair and 
exciton states in the t± ~ limit. The energy separa- 
tion between the polaron-pair and the exciton depends 
on the difference in the electron-hole separations in the 
intrachain exciton and the polaron-pair, a quantity diffi- 
cult to evaluate from first principles. The relative energy 
difference between the polaron-pair and the exciton in 
theoretical work can therefore be based only on interpre- 
tations of experiments. The likelihood of short electron- 
hole separations in the polaron-pair (and therefore energy 
close to the exciton, which in turn increases CT) has been 
suggested by several authors. Based on the work reported 
in references [J audi, Wu and Conwell,2ii22 a,nd Meng2^ 
have previously assumed low energy polaron-pair states, 
and have described the CT process in PPV derivatives 
within a simplified fff^jg^, in order to explain the re- 
duced PL in films (indeed, references |Tl| and [l3 suggest 
that a fraction of the polaron-pair states occur even below 
the exciton). We have found in our calculations that for 
k± < 2.5 (see Eqs. 2 and 5) the fundamental assumption 
of Wu and Conwell and Meng continues to be valid for 
long chains of polyenes and PPVs (see Appendix), and 
we adopt the same approach. 

To conclude, Fig. 1 applies to the U — Vij — limit of 
arbitrary PCPs, when the excitations involve the HOMO 
and LUMO of the two identical cofacial oligomers. We 
have verified this from CI calculations with Hintra — 
but Hinter 7^ for loug PPV oHgomcrs. The energy split- 
ting between the exciton and the CT exciton is relatively 
insensitive to chain length. To identify wavefunctions as 
polaron-pair, CT exciton, etc., we choose an orbital set 
consisting of the Hartree-Fock orbitals of the individual 
molecular units, and perform CI calculations using these 
localized MOs. The localized basis allows calculations 
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TABLE I: SCI excited states of two symmetrically placed 8- 
unit PPV oligomers for kx = 2, tj_ = 0.1 eV. Here j and Ej 
are quantum numbers (without considering symmetry) and 
energy, respectively. lonicity is the charge on the chains. 
The states are arranged not according to their energies, but 
according to the manifolds they belong to (see text). The 
fiG,j and /iij are the dipole couplings (electronic charge = 1) 
between the ground state and state j, and between excited 
states, respectively. 



j 


Ej (eV) 


lonicity 




f-^i,j 


2 


2.67 


0.26 







4 


2.81 





6.52 


— 


5 


3.00 


1 





2.04" 


8 


3.12 


0.74 







3 


2.81 


0.29 







7 


3.06 










9 


3.12 


1 







10 


3.24 


0.64 







11 


3.26 


0.38 





6.91'' 


15 


3.42 








6.83''''= 


19 


3.46 


1 





7.68'' 


26 


3.67 


0.55 





6.69'' 



°i=2. ''All dipole couplings are with states in lowest manifold 
near IBu with the same character (see text). The mAg. 



of tonicities of individual oligomers. The expected ion- 
icities are and 1 for the exciton and the polaron-pair, 
respectively, and fractional for the CT excitons. 

(ii) There is no a priori reason to assume that the 
MOs in Fig. 1 should include only the HOMOs and the 
LUMOs of the PCP oligomers. Higher energy excited 
exciton and polaron-pair states, involving bonding (anti- 
bonding) MOs below (above) the HOMO (LUMO), can 
also be coupled by Hi„ter, provided once again, the ex- 
cited polaron-pairs and the excitons are close in energy. 
Again, we have confirmed this from CI calculations in the 
Hintra = 0, Hinter 7^ limit for PPV ohgomers, using 
the localized basis. 

(iii) The results of (i) and (ii) indicate that for U — 
Vij = but Hinter ^ 0, the two-chain energy spectrum 
consists of a series of overlapping energy manifolds, with 
each manifold containing an exciton, a polaron-pair and 
two CT excitons, as in Fig. 1(c). For nonzero U and Vij, 
single chain excited eigenstates are superpositions of the 
single chain MO configurations. It is therefore reasonable 
to speculate that the two-chain spectrum for nonzero U 
and Vij also consists of similar energy manifolds, at least 
upto the continuum band. We have verified this, using 
the localized MO basis set and the SCI approximation, 
including all one-excitations, within the complete two- 
chain Hamiltonian. We have summarized our results for 
two interacting symmetrically placed cofacial 8-unit PPV 
oligomers at a distance of 0.4 nm in Table I, where we 



TABLE II: SCI eigenstates of cofacial PPV oligomers of 
lengths 7 and 9-units, respectively, with only one end match- 
ing. All parameters are the same as in Table I. The classifi- 
cations of states in the last column are obtained from wave- 
function analysis (see text) 



j 


Ej (eV) 


lonicity 






state type 


2 


2.67 


0.25 


0.78 


— 


CT exciton 


Q 

o 


z.oi 


nil 


4.yy 




exciton 


4 


2.87 


0.16 


4.17 


— 


exciton 


6 


3.01 


1.00 


0.00 


2.03" 


polaron-pair 


7 


3.13 


0.31 


0.19 


— 


CT exciton 


5 


2.99 


0.13 


0.04 


— 


two-photon exciton 


8 


3.13 


0.68 


0.09 




CT exciton 


9 


3.15 


0.99 


0.00 




polaron-pair 


10 


3.20 


0.15 


1.42 




CT exciton 


11 


3.28 


0.38 


0.00 


6.75'' 


mAj, CT exciton 


15 


3.41 


0.16 


0.00 


6.30'' 


mAg exciton 


17 


3.47 


0.19 


0.00 


5.96'' 


mAg exciton 


18 


3.50 


0.69 


0.24 


4.77'' 


mAg "polaron-pair" 


19 


3.52 


0.62 


0.76 


3.42'' 


mAg "polaron-pair" 



"1=2. ''AH dipole couplings arc with states in lowest manifold 
near IBu with the same character. 



have clearly indicated the different energy manifolds. In- 
trachain one- or two-photon excitons, interchain polaron- 
pairs and CT excitons within each manifold are easily 
identified from their ionicities and transition dipole cou- 
plings, even at higher energies. 



C. Cofacial PPV oligomers: unsymmetric case 

We now relax the inversion symmetry condition to take 
disorder into account approximately. This is important, 
as with nonzero interchain hopping, it is not obvious that 
the characterizations of eigenstates as intrachain exci- 
tons, CT excitons and polaron-pairs continue to be true 
at higher energies in the absence of perfect symmetry. 
Furthermore, we will see that such disorder also accounts 
for the appearance of instantaneous signature of the PA 
Pi.^^ We consider cofacial oligomers of different lengths, 
with only one end matching (see insert. Fig. 2). In Ta- 
ble II we show the results of SCI calculations for PPV 
oligomers 7- and 9-units long, 0.4 nm apart. We have 
verified that these results are independent of the actual 
lengths of the oligomers, by performing similar calcula- 
tions for pairs of oligomers of different lengths ranging 
from 5 to 10 units. Unlike Table I, here we have given 
also the dominant character, intrachain exciton, CT ex- 
citon or polaron-pair of each eigenstate. 

As indicated in Table II, in the absence of inversion 
symmetry, characterizations of eigenstates requires going 
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beyond ionicities. We determine the dominant charac- 
ters the eigenstates from detailed wavefunction analysis. 
For example, the j — 2 state in Table II has large over- 
laps with the odd parity configurations |ea;cl) — \exc2) 
and \P^P^) — and very weak overlap with the 

even parity jexcl) -I- \exc2), identifying this state as pre- 
dominantly a CT exciton. Exactly the opposite is true 
for states j = 3 and 4, which are the intrachain excitons. 
The states j — 3 and 4 also have weak but nonzero over- 
laps with the even parity iPj^Pj") + 1^2 ^i)^ which gives 
them weak ionic character. The occurrence of two dis- 
tinct optical exciton states, split by a very small energy 
difference, is a consequence of asymmetry. This char- 
acterization is in agreement with their large dipole cou- 
plings to the ground state, as well as small ionicities. 
Another consequence of asymmetry is that the CT ex- 
citon is now weakly dipole-coupled to the ground state 
(the relative contributions to the wavefunction of jexcl) 
and |excl) are unequal), indicating weak but direct pho- 
togeneration of this state from the ground state. The 
polaron-pair state in the lowest manifold (j = 6) can be 
still identified by its ionicity alone. Wavefunction analy- 
sis here indicates this state to be an even superposition 
of \P1P2) and iPfPa^)- Exactly as in Table I we find 
nonzero transition dipole-coupling between the j = 1 CT 
exciton and the polaron-pair, with the magnitude of the 
coupling nearly the same. Furthermore, the CT exciton 
continues to have zero transition dipole coupling with all 
other states in this manifold. 

The characterizations of the states in the second and 
third energy manifolds are obtained similarly from calcu- 
lations of overlaps with the fundamental basis functions. 
These basis functions, however, involve higher energy 
single-particle excitations orthogonal to those contribut- 
ing to the states in the lower manifold (for example, the 
excitonic basis functions contributing to the j = b state 
in Table II has strong contributions from the HOMO 
LUM0-h2 and HOMO - 1 -> LUMO contributions of 
each chain, identifying it as a two-photon exciton.) The 
energy orderings within the manifolds can also be differ- 
ent from that in the lowest manifold. Thus the ordering 
of the lowest intrachain and CT excitons are reversed in 
the second manifold, with the lower energy j = 5 being 
the intrachain exciton and the higher energy j = 8 being 
the CT exciton. We comment on the states labeled mAg 
in the third manifold in Table II in the next subsection. 
Here we only point out that the j = 18 and 19 states, in 
spite of their intermediate ionicities, are predominantly 
polaron-pair, based on their strong overlaps with even su- 
perpositions of high energy charged configurations. The 
strong mixing between intrachain and interchain basis 
functions in this region is a signature that this energy 
region is close to the continuum bandi^S 

To summarize this subsection, characterizations of 
eigenstates as predominantly intrachain exciton, CT ex- 
citon and polaron-pair continues to be valid even in the 
presence of disorder, although they become less appro- 
priate at higher energies. 



D. Photoinduced absorptions 

Besides energies and ionicities. Tables I and II also list 
the transition dipole couplings of excited states with the 
ground state, and between the excited states themselves. 
The key results of Tables I and II are: (i) direct photo- 
generations of the optical exciton and the two lowest CT 
excitons, one below and one above the intrachain exci- 
ton, are allowed in the presence of disorder, and (ii) the 
lowest CT exciton plays a crucial role in PCP films. We 
have verified that our results remain qualitatively intact 
for three or more oligomers, different relative orientations 
and distances. 

The intrachain exciton states in the third manifolds, 
j = 15 in Table I and j = 15 and 17 in Table 
II correspond to the single chain mAg exciton, which 
is the two-photon state that dominates single-chain 
photophysics .^^'^" '^'^ PAi in solutions is to the mAgj^ 
Our calculations indicate that exactly as the transition 
dipole coupling is large between the single-chain IBu and 
the single-chain niAg equally large dipole couplings oc- 
cur between pairs of states in the 1B„ and mAg manifolds 
that are of the same character (for example, from the CT 
exciton in the 1B„ manifold to the CT exciton in the mAg 
manifold) . 

In Fig. 2 we compare PAs calculated for a single 8-unit 
PPV oligomer with that from the lowest CT exciton in 
a two-chain system consisting of a 7-unit and a 9-unit 
oligomer. We have shown results for three different pa- 
rameter sets to indicate the relative insensitivity of our 
results to parameters. We performed similar calculations 
for many other combinations of chain lengths involving 
PPV oligomers of lengths from 5 to 10 units. There is 
very little difference between the different cases (except 
that in the symmetric cases the CT exciton has zero tran- 
sition dipole coupling with the ground state). PAi in the 
single chain corresponds to the transition from the IBu to 
the mAg . The initial and final states of PA[ absorptions 
in the two-chain systems are both CT excitons. The Pi 
absorption, missing in the single chain, is from the low- 
est CT exciton to the lowest polaron-pair. The calculated 
PAs for the two-chain system are excited state equivalents 
of the absorptions expected within the classic MuUiken 
theory of weak donor-acceptor complexes. In a donor- 
acceptor complex, there occurs weak CT absorption at 
low energy, in addition to the molecular absorptions4i 
In Fig. 2, Pi is the CT absorption and PA[ the molecu- 
lar absorption. 

Sheng et al.,^^ and more recently, Singh et al.^^ have 
also discussed a higher energy PA, above PA'j^, peculiar 
to films. It is believedi^ that this high energy PA is the 
same that was observed very early in MEH-PPV^^^i As 
discussed before in the context of the PA2 absorption 
in single chains;^ such high energy regions cannot be 
investigated within the SCI approximation, and higher 
order CI calculations become essential. Such calcula- 
tions for pairs of PPV oligomers is beyond our capability 
currently. On the other hand, as emphasized in section 
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FIG. 2: (Color online) Calculated PAs for a 8-unit PPV 
oligomer (black curve) , and for a two-chain system consisting 
of a 7-unit and a 9-unit oligomer: for kx = 2 and t± =0.1 
eV (green); k± = 1.75 and t± = 0.15 eV (red); and n± — 1.5 
and t± = 0.2 eV (blue). A linewidth of 0.02 eV is assumed in 
all cases. The inset shows schematically the arrangement of 
the oligomers, with the ends matching on one side only. PAi 
is from the exciton. Pi and PAj are from the CT exciton. 

IV. A, the photophysics of the CT exciton in PCPs can be 
anticipated even from the behavior of coupled ehtylene 
molecules. We have performed FCI calculations for pairs 
of ethylene and butadiene molecules and have indeed de- 
tected a high energy two-electron two-hole polaron-pair 
state \P^P2—P^Pi)2e-2h to which absorption from the 
CT exciton is allowed. In the notation of section III, the 
components of this state for the coupled ethylene system 
are, 

\P^P2 )2e-2h = 2 ['^2,2,T'^2,2,x('^l,l,t'''2,l,J. ~ '^1,1,X^2,1,t) 
-|- a2,l,T'^2,l,x('^l,2,T'^2,2,X ~ ^l,2,i'^2,2,T)] 1*^) (^) 

\P2 Pi )2e-2h = 2 ['^1.2,T'^1,2,x('^1,1,T'''2,1,X ~ '^1,1,X^2,1,t) 

+ aM,T"i,ia'^"i,2,T4,2,x - «i,2,i4,2,T)]l'^) (^0) 

Each polaron-pair configuration now has two compo- 
nents, related by electron-hole symmetry. In Figs. 3(a) 
and (b) we have shown the four spin bonded VB dia- 
grams that describe this high energy polaron-pair state. 
The diagrams are similar for coupled butadienes, with 
the only difference that there occur now bonding (anti- 
bonding) MOs below (above) the bonding (antibonding) 
MOs of Fig.3. 

It is easy to see why charge-transfer absorption to this 
state from the CT exciton is allowed for nonzero t±. 
Within the exciton representation such an absorption 
originates from interunit charge-transfer from either fron- 
tier MO of one unit to either frontier MO of the second 



FIG. 3: Two electron - two hole excitations of two weakly 
interacting ethylene molecules that are reached by optical ab- 
sorption from the CT exciton of Fig. 1(c). The spin singlet 
diagrams shown are excited polaron-pair states corresponding 
to Eqs. (9) and (10), respectively, with each molecule having 
unit positive or negative charge. 



unit. ■ One can then have low energy charge-transfer, 
from the occupied antibonding MOs of the intrachain 
excitons in Fig. 1(a) to the unoccupied antibonding MOs 
of the neighboring unit, creating the low energy polaron- 
pair state discussed in section IV. A. This is the Pi ab- 
sorption. In addition, it is possible to have transition 
from the the singly occupied (doubly occupied) bonding 
MO of one unit of the forbidden exciton to the unoc- 
cupied (singly occupied) antibonding MO of the neigh- 
boring unit. This second transition is clearly at higher 
energy, and gives the excited polaron-pair states of Figs. 
3(a) and (b). In spite of the basic similarity between 
ground state and excited state charge-transfer, there then 
does exist one fundamental difference between them, viz., 
multiple charge-transfer absorptions will occur in the lat- 
ter case, as opposed to a single absorption in the former. 



E. Finite oligomers versus polymers 

One possible criticism of the work presented above 
might be that the calculations are for finite oligomers and 
therefore they may not apply to infinite chains. Different 
research groups have shown, for instance, that within the 
dipole-dipole interaction model the splitting between the 
optical and the dark exciton vanishes in the infinite chain 
length; ^"^1^^'^^ We point out the following in this context. 
First, the dipole-dipole interaction model is valid only 
when the polaron-pair configuration is ignored {t±^ 
limit). For reasonable t± and V^j", the stabilization of 
the dark exciton comes predominantly from CI with the 
polaron-pair (see Appendix). Second, real PCPs are not 
true infinite chains and usually consist of a distribution of 
conjugation lengths that are close to what we have con- 
sidered herci^i^ As seen in the Appendix, the energy 
gap between the optical and the CT exciton does indeed 
decrease with size, but there is a broad region over which 
this gap is nearly the same. Third, and most important in 
the present context, it is not the gap between the optical 
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exciton and the CT exciton, but rather, the gap between 
the polaron-pair and the CT exciton, that is relevant for 
our theory. We show in the Appendix that this second 
gap, corresponding to the Pi transition energy, increases 
weakly with increasing size. 



V. DISCUSSIONS AND COMPARISON TO 
EXPERIMENTS 

Our work provides the insight necessary to understand 
the various mutually contradictory experimental results. 
There occur in PCPs a series of interchain CT excitons 
and polaron-pairs in the energy space below the contin- 
uum band. The lowest CT exciton occurs below the op- 
tical exciton, and its wavefunction is a superposition of 
(a) the wavefunction of the lowest state in the exciton 
band of a H-aggregate, and (b) the lowest polaron-pair 
state of odd parity. The disorder-induced 0-0 emission, 
as well as the 0-1 emission from the lowest H-aggregate 
state and from the CT exciton are therefore very likely 
similar, since the polaron-pair component of the CT ex- 
citon has no dipole coupling with the ground state and 
should not interfere in the emission process. The suc- 
cess of the H-aggregate model in explaining the PL of 
rrP3HT-ii22 therefore does not contradict the CT exci- 
ton scenario. As emphasized by others,^ probing at a 
variety of wavelengths is essential for understanding the 
complete role of morphology. 

Whether or not significant CT occurs in real systems 
depends on the magnitude of tj_ and the relative energies 
of the dark exciton and the polaron-pair in the absence 
of t± . The demonstration of delocalized two-dimensional 
polarons in rrPSHT— proves that t± should be large 
enough for interchain electron hopping. Similar large 
t± has been assumed in calculations for CN-PPV and 
MEH-PPV-2ii2ai^. As mentioned already, delayed PL in 
films is cited as evidence for some polaron-pairs occurring 
even below the optical exciton^ (it is not being implied 
that these polaron-pairs are generated in photoexcita- 
tion.) This would suggest that even though the bulk of 
the polaron-pairs are above the exciton, they are prox- 
imate in energy (see also Appendix). Taken together, 
moderate t± and relatively low energy polaron-pairs in- 
dicates significant charge-transfer. 

Within our theory, PA in films is from both the CT 
exciton and the optical exciton at the earliest times, and 
predominantly from the CT exciton following this. The 
similarity between the two-chain PA in Fig. 2 and the low 
energy part of the experimental PA spectra of by Sheng 
et al}^ is striking. PAi in solutions is the absorption 
from the single-chain IBu to the mAg. As in Sheng et 
al's experiment for solutions, the Pi absorption is miss- 
ing in our single chain calculation. The Pi absorption in 
films, however, is not from free polarons, but is a charge- 
transfer absorption from the lowest CT exciton to the 
lowest polaron-pair. PA in the 1 eV range in solutions 
and films appear to be identical but have slightly differ- 



ent origins: in films this is the PA'^ absorption from the 
lowest CT exciton to a higher energy CT exciton in the 
mAg - manifold. The branching of photoexcitations, as 
discussed by Sheng et ai, is real, and the instantaneous 
generation of Pi is likely a consequence of the CT exciton 
being weakly allowed in absorption due to disorder. Our 
theory is a straightforward extension of MuUiken's the- 
ory of ground state charge-transfer in a donor-acceptor 
complex'*^ to the case of photoinduced charge-transfer 
in PCP films. As in MuUken's theory, there occur from 
the CT exciton charge-transfer absorptions (viz.. Pi in 
Fig. 2) absent in the pure "molecular" components, in 
addition to the weakly perturbed "molecular absorption" 

pa;. 

Our interpretation of Pi explains the absence of room 
temperature IRAV in Sheng et al's photoexcitation ex- 
periment, since free charges are not generated. The weak 
low temperature IRAV may owe its origin to the polaron- 
pair contributions to the CT exciton wavefunction. In the 
disordered case, the contributions by jexcl) and \exc2), 
and by jPj^Pg") ^^^d P2), respectively, to the CT ex- 
citon are different, and this asymmetry may make weak 
IRAV possible. This is currently being investigated. The 
apparent contradiction between ultrafast spectroscopy on 
the one hand, and microwav^^ and THz spectroscopy— 
on the other, is also understandable once it is recognized 
that Pi is not associated with polarons. 

The PA2 seen in solutions is a second higher energy 
"molecular absorption" , and from the above extension of 
MuUiken theory, we expect a weakly perturbed PAj ab- 
sorption in films. We have not tried to directly evaluate 
this PA, as even in single chains the understanding of PA2 
requires highly sophisticated many-body calculations.— 
Similar calculations are currently beyond our reach for 
the two-chain case, but the results of Tables I and II in- 
dicate that the interchain species that is the final state of 
PA2 must exist. More interesting is the higher energy PA 
peculiar to films and absent in solutions i^i^ i^^'^^ We have 
not calculated this higher energy PA for PPV oligomers, 
but have determined that such an absorption from the 
CT exciton is found in FCI calculations on coupled ethy- 
lene and butadiene chains. The analogy between coupled 
ethylenes and long PCP chains pointed out in section 
IV suggest that similar high energy two electron - two 
hole polaron-pair state will exist also in arbitrary PCPs. 
Based on the very slow polarization memory decay kinet- 
ics, the high energy PA associated with films has recently 
been ascribed to absorption from the CT excitoUfiS, in 
agreement with our prediction. 

Our calculations allow us to make predictions for po- 
larizations of the PAs. We predict that PA'i in films will 
be polarized along the PCP chains, and that Pi will be 
polarized transverse to the chains. Preliminary polariza- 
tion memory measurements are in agreement with these 
predictions, but more careful measurements have to be 
performed to confirm that the PAs are from the same 
species.*^ Finally, CT excitons have also been claimed in 
recent experiments on dendritic oligothiophenes^^ and in 
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pentacene films.— 

While the present theoretical work has focused en- 
tirely on single-component PCPs, several experimental 
groups have recently discussed charge-transfer complexes 
(CTCs) created upon photoexcitations of heterstructures 
composed of donors and acceptors . ^^'^^i^^'^"^ The donor- 
acceptor polaron-pair as well as the CTC here are ex- 
pected and found below the optical gaps of the donor as 
well as the acceptor. Theoretical work on excited state 
absorptions from the CTCs^ is of interest and is cur- 
rently being pursued. 
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AE'e-e indeed decreases with N, there is a broad range 
of N where the decrease is slow. For real polyacetylene 
films we exect AEe-e 7^ 0. 

The plots for AE^^e and AEpp-^ are not completely 
independent. As seen in the figure, decreasing AE'e-e is 
accompanied by increasing AEpp-e, which is a signature 
that the bulk of the stabilization of the CT exciton is 
coming from CI with the polaron-pair (the CI decreases 
with increasing energy of the of the polaron-pair). Again, 
AEpp^e is nearly the same over a broad range of N. 
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APPENDIX 

In order to understand finite size effects associated 
with our results we have calculated the energy spectra 
near the optical gap edge for pairs of linear polyenes 
as well as for PPV oligomers for many different chain 
lengths. In Fig. 4(a) we show our results for pairs of 
cofacial linear polyenes for k± — 2.5. The number of 
carbon atoms per chain N ranges from 10 to 70. The 
energy orderings are the same as in Fig. 1. We show 
plots of (i) the energy difference between the optical ex- 
citon and the dark exciton, AEe-e and (ii) the energy 
difference between the polaron-pair and the CT exciton, 
AEpp-e- We have chosen larger k± than in Tables I 
and II (weaker interchain electron-hole attraction) since 
for K < 2 the polaron-pair and the CT exciton are both 
too low in energy at small N, and the ionicity of the 
CT exciton is much larger than in Tables I and II. For 
K± — 2.5 the ionicities are comparable. Our results for 
AEe-e should be compared against those obtained using 
the supermolecular approach in reference l26i (see Fig. 2(a) 
of this reference which shows results for interchain sep- 
aration of 0.45 nm). For the same N values, the AEe-e 
are comparable. We have plotted our energy differences 
against N rather than 1/N to point out that although 



FIG. 4: Energy difference between the optical and CT exciton 
(circles), and between the polaron-pair and the CT exciton 
(squares) in pairs of (a) linear polyenes, (b) PPV oligomers. 



In Fig. 4(b) we have shown the same results for PPV 
oligomers with k± = 2 , with N now the number of units 
as opposed to number of carbon atoms. Again, our re- 
sults for AEe-e should be compared against Fig. 3 of 
reference [25l where, however, the calculations go up to 
7 units only. As in Fig. 4(a), the plots against N (as 
opposed against 1/N) make the slow variation of the en- 
ergy differences against size clear. Decreasing AEe-e is 
accompanied by increasing AEpp-e, as in Fig. 4(a). 

Finally, it is not being implied that the actual mag- 
nitudes of the calculated energy differences should be 
taken seriously. The quantitative aspects of the calcu- 
lations depend to a large extent on the parametrization 
of Vij and Vjj, which are not known. Equally impor- 
tantly, the effects of background polarization are diffi- 
cult to estimate. It may, however, be significant that 
our parametrization^ of Vij has given the most accurate 
estimations of exciton energies and exciton binding en- 
ergies in a different family of 7r-conjugated systems, viz., 
single-walled carbon nanotubes, to datci^ 
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